The transcription factor FOXO1 plays a central role in metabolic homeostasis by regulating leptin and insulin activity in many cell types, including neurons. However, the neurons mediating these effects and the identity of the molecular targets through which FOXO1 regulates metabolism remain to be defined. Here, we show that the ventral medial nucleus of the hypothalamus (VMH) is a key site of FOXO1 action. We found that mice lacking FOXO1 in steroidogenic factor 1 (SF-1) neurons of the VMH are lean due to increased energy expenditure. The mice also failed to appropriately suppress energy expenditure in response to fasting. Furthermore, these mice displayed improved glucose tolerance due to increased insulin sensitivity in skeletal muscle and heart. Gene expression profiling and sequence analysis revealed several pathways regulated by FOXO1. In addition, we identified the nuclear receptor SF-1 as a direct FOXO1 transcriptional target in the VMH. Collectively, our data suggest that the transcriptional networks modulated by FOXO1 in VMH neurons are key components in the regulation of energy balance and glucose homeostasis.
Introduction
Defective regulation of energy balance results in obesity and components of metabolic syndrome, such as type 2 diabetes. Understanding the molecular and cellular mechanisms underlying the ability of the central nervous system to regulate energy balance and glucose homeostasis is an area of active investigation. Many proteins are involved in the modulation of metabolic homeostasis. This includes the transcription factor FOXO1, which has been demonstrated to regulate leptin and insulin action in the brain (1, 2) . The biological significance of mammalian FOXO1 was initially reported in studies in Caenorhabditis elegans. Two independent groups identified Daf-16 (a homolog of the mammalian FOXO1) as a negative regulator of Daf2 (a homolog of the mammalian insulin receptor) signaling in C. elegans, implying that FOXO1 may play important roles in insulin signaling (3, 4) . Subsequent studies using mouse models have confirmed the functional significance of FOXO1 as a critical mediator of insulin effects in many mammalian peripheral cells (1, 5, 6) .
Recently, critical metabolic roles of FOXO1 in the hypothalamus have been reported (2, 7) . Both studies assessed the role of FOXO1 in melanocortin neurons in the arcuate nucleus of the hypothalamus (ARH). Specifically, they reported POMC and Agrp genes as direct targets of FOXO1. A subsequent report using POMC-specific FOXO1 KO mice demonstrated that FOXO1 plays important roles in regulation of food intake, body weight, and leptin sensitivity, partially depending on the expression of carboxypeptidase E (Cpe) (8) . Furthermore, analyses of PDK1/FOXO1 pathways revealed critical roles of FOXO1 to control food intake, body length, and body weight in AGRP neurons of hypothalamus (9) .
FOXO1 is also highly expressed in many other hypothalamic nuclei, including the dorsomedial nucleus of the hypothalamus and the ventral medial nucleus of the hypothalamus (VMH) (2, 7) .
Several reports suggest that distinct neuronal populations are differentially regulated by key metabolic signals (10) (11) (12) . However, the metabolic functions of FOXO1 in other hypothalamic neurons have yet to be delineated. Among several hypothalamic nuclei, the VMH has long been of interest as a site regulating body weight (2, 7, 8, (12) (13) (14) (15) (16) (17) (18) . In addition, numerous recent studies have found that the upstream regulators of FOXO1, leptin and insulin, act in the VMH to regulate body weight homeostasis (7, 12, 15, 16, 19, 20) .
Since FOXO1 is thought to play a prominent role in mediating the effects of leptin and insulin, we hypothesized that FOXO1 expressed by neurons in the VMH is a key molecular mediator of energy balance and glucose homeostasis. To directly address this question, we generated mice lacking FOXO1 in steroidogenic factor 1 (SF-1) neurons of the VMH (Foxo1 KO Sf1 mice) and investigated functional significance of FOXO1 in the VMH. reactivity was reduced specifically in the VMH of Foxo1 KO Sf1 mice, confirming VMH-limited FOXO1 deletion ( Figure 1 , C-F).
Since SF-1 is expressed in the pituitary and adrenal glands and showed decreased expression of FOXO1 in tissues of Foxo1 KO Sf1 mice, we assessed the hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes of male mice. Foxo1 KO Sf1 mice displayed similar circulating follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone, and corticosterone (normal and stressed) levels compared with those of control mice (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI62848DS1). Plasma triiodothyronine (T3) and thyroxine (T4) levels were also comparable between genotypes in fed and fasted states, suggesting an intact thyroid axis in Foxo1 KO Sf1 animals (Supplemental Table 1 ). In addition, the pituitary glands, adrenal glands, and testes of Foxo1 KO Sf1 mice were histologically indistinguishable from those of control mice (Supplemental Figure 1) .
Leanness in Foxo1 KO Sf1 mice. Since FOXO1 plays important roles in leptin and insulin action in several sites and tissues, we examined the effects of FOXO1 deletion on the regulation of energy homeostasis. Foxo1 KO Sf1 mice showed comparable body length, regardless of food consumed (Supplemental Table 2 ). The body weight of chow-fed Foxo1 KO Sf1 mice was comparable to that of WT littermates until 10 weeks (male) and 7 weeks (female). Notably, body weights diverged thereafter, with the Foxo1 KO Sf1 mice becoming leaner ( Figure 2 , A and C). This lean phenotype was associated with decreased fat mass in both male and female mice ( Figure 2 , B and D). To assess the cause of lower body weight in Foxo1 KO Sf1 mice, we measured food intake, energy expenditure, and physical activity using metabolic chambers (20, 22, 23) . These experiments were performed in weight-matched 5-to 7-week-old male mice prior to differences in body weight. Foxo1 KO Sf1 mice consumed the same cumulative and daily food intake as littermate controls (Figure 2 , E and F). Foxo1 KO Sf1 mice also exhibited no differences in total movement compared with that of WT littermates ( Figure 2H ). However, Foxo1 KO Sf1 mice exhibited increased energy expenditure ( Figure 2G ). These results suggest that inactivation of FOXO1 in the VMH leads to a lean phenotype due to increased energy expenditure.
Effect of FOXO1 deletion in response to high-fat diet. Several genes, including the leptin receptor and the enzyme PI3K (Pik3ca), are known regulators of diet-induced obesity in the VMH (12, 15, 20, 23) . Moreover, FOXO1 is highly expressed in the hypothalamus and plays critical roles in the leptin-induced PI3K/AKT pathway that modulates metabolic homeostasis (2, 24) . We investigated the effect of FOXO1 deletion in the VMH during conditions of excess calorie intake. We fed male mice high-fat diet (HFD) starting at 5 weeks of age. Body weights were comparable between genotypes in male mice for the first 1-2 weeks after exposure to the The data are expressed as mean ± SEM (*P < 0.01, **P < 0.0001, Student's t test). 3V, third ventricle. Cbn, cerebellum. Scale bar: 100 μm.
HFD. Thereafter, Foxo1 KO Sf1 mice showed decreased body weight ( Figure 3A ). This resistance to diet-induced obesity shown in Foxo1 KO Sf1 mice was associated with decreased fat mass ( Figure 3B ). To understand this phenotype, body weight-matched, 5-to 6-weekold WT and Foxo1 KO Sf1 animals (21.53 ± 0.41 g and 20.73 ± 0.6 g, respectively; P > 0.1) were examined in metabolic cages during an acute change from regular chow to HFD. The respiratory exchange ratio (RER), movement, and food intake were comparable between genotypes. In contrast, the Foxo1 KO Sf1 mice exhibited markedly increased heat generation and O 2 consumption compared with that of WT littermates in response to HFD (Figure 3 , C and D, and Supplemental Figure 2 ). Collectively, these results indicate that resistance to HFD shown in Foxo1 KO Sf1 mice is due mainly to increased thermogenic responses following exposure to HFD.
Thermogenesis induced by diet is mediated by the interscapular brown adipose tissue (iBAT) (18) , and the VMH is a site in the brain that regulates sympathetic tone to iBAT (14, 17) . In addition, activation of leptin signaling in the VMH induces activation of the sympathetic nervous system (SNS) and increased UCP1 expression in iBAT (25) (26) (27) . UCP1 is well known to be a key regulator of thermogenesis in iBAT (28) . Several studies have shown that impaired VMH function correlates with thermogenic defects in iBAT, including abnormal expression of UCP1 (20, 29, 30) . We found that Ucp1 mRNA was increased in iBAT from Foxo1 KO Sf1 mice ( Figure 3E ). Furthermore, the protein level of UCP1 was also more than 2-fold upregulated in iBAT of Foxo1 KO Sf1 mice ( Figure  3 , F and G). In addition to increased expression of UCP1 in iBAT, Foxo1 KO Sf1 mice had higher plasma norepinephrine levels than controls ( Figure 3H ). Epinephrine levels were not different (Figure 3H ). These data suggest that the increased energy expenditure phenotype seen in Foxo1 KO Sf1 mice is due in part to increased SNS activity in Foxo1 KO Sf1 animals.
FOXO1 deletion in the VMH increases leptin sensitivity. The VMH is a key site for leptin action, and the activation of leptin signaling in the VMH, including SF-1 neurons, regulates energy homeostasis and SNS activation (2, 12, 15, 23, 24, 26, 27) . FOXO1 acts as a negative regulator of leptin action in the hypothalamus (2, 7, 8) . We hypothesized that deletion of FOXO1 in the SF-1 neurons may provide alteration of leptin sensitivity. To directly examine the effect of FOXO1 deletion in the VMH on leptin sensitivity, we administered leptin peripherally and monitored several metabolic parameters using indirect calorimetry. As expected, i.p. leptin injections reduced body weight in WT mice. Notably, leptin injections in Foxo1 KO Sf1 mice resulted in greater weight loss than those in controls ( Figure 4A ). Leptin inhibition of food intake was comparable between genotypes ( Figure 4B ). However, the Foxo1 KO Sf1 mice showed increased energy expenditure ( Figure 4C ). In addition, the RER was decreased in Foxo1 KO Sf1 mice after leptin injection, consistent with the hypothesis that increased leptin sensitivity preferentially facilitates fat utilization. Collectively, these results suggest that leptin-induced increases in energy expenditure may contribute to the greater body weight loss in Foxo1 KO Sf1 mice.
Fasting quickly reduces leptin levels, and falling levels of leptin act as a signal to the brain that starvation conditions exist and that appropriate responses need to be engaged (31) . Leptin activates PI3K signaling and FOXO1 translocation in several hypothalamic sites, including the VMH neurons (2, 20, 32, 33) . Thus, we assessed the physiological effects of FOXO1 deletion in VMH neurons following fasting. We fasted animals for 24 hours, measuring changes in body weight and energy expenditure using metabolic chambers. Foxo1 KO Sf1 mice lost substantially more weight than WT littermates after 24 hours of fasting ( Figure 4D ). This was due to higher energy expenditure in Foxo1 KO Sf1 mice during the fast ( Figure 4E ). We also noted a compensatory increase in energy intake in Foxo1 KO Sf1 animals during the refeeding period ( Figure 4F ). Collectively, these results suggest that FOXO1 in SF-1 neurons of the VMH is required to appropriately suppress energy expenditure during fasting.
Effect of FOXO1 deletion in the VMH on glucose metabolism and insulin action. The VMH is an important site for leptin and insulin signaling, and direct injection of leptin in the VMH has been shown to increase peripheral glucose uptake via activation of the SNS (12, 26, 34, 35) . Based on our observations of increased plasma norepinephrine, increased leptin sensitivity, and increased expression of UCP1 in iBAT, we hypothesized that deletion of FOXO1 in the VMH modulates the SNS and ultimately changes insulin action and glucose metabolism. To address whether ablation of FOXO1 in the VMH impacts these parameters, we first measured fed and fasted blood glucose and plasma insulin levels. These measurements were performed in body weight-matched, 6-to 8-week-old mice. Plasma insulin levels were comparable between genotypes in both the fed and fasted condition ( Figure 5B ). However, blood glucose was lower in both fed and fasted Foxo1 KO Sf1 mice, suggesting improved insulin sensitivity ( Figure 5 , A and B). To further investigate the effect of FOXO1 deletion in the VMH on glucose homeostasis and insulin action, we performed glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs). Foxo1 KO Sf1 mice exhibited improved glucose tolerance and insulin action compared with WT littermates ( Figure 5 , C and D). Collectively, these results suggest that FOXO1 signaling in the VMH modulates whole-body insulin action and glucose homeostasis.
FOXO1 in the VMH mediates insulin sensitivity in peripheral tissues. Hyperinsulinemic-euglycemic clamps were next performed to confirm greater insulin sensitivity in Foxo1 KO Sf1 mice. Importantly, mice used for these experiments were matched for body weight and body composition. Basal plasma insulin levels were similar and comparably elevated during the clamp ( Figure 5E ). Basal blood glucose was lower in Foxo1 KO Sf1 mice compared with that in WT controls, but this difference was normalized dur- ing the clamp ( Figure 5F ). The exogenous glucose infusion rate (GIR) needed to maintain clamp blood glucose at similar levels was increased in Foxo1 KO Sf1 mice compared with that in WT controls, indicating greater whole-body insulin action ( Figure 5G ). Tracer dilution techniques revealed that basal endogenous glucose production (endoR a ) and glucose disposal rates (R d ) were similar between groups ( Figure 5 , H and I). Insulin-mediated suppression of endoR a was also similar between groups during the clamp ( Figure 5H ). In contrast, hyperinsulinemia stimulated a marked increase in R d in Foxo1 KO Sf1 mice compared with that in WT controls ( Figure 5I ). To further understand this increment in peripheral insulin sensitivity, we examined tissue-specific glucose uptake (R g ) using a bolus injection of 2-[ 14 C]deoxyglucose (2-DG) during the clamp. R g in heart and gastrocnemius muscle was higher in Foxo1 KO Sf1 mice compared with that in WT controls ( Figure 5J ). There was also a trend indicating that insulin-stimulated R g was greater in the soleus of Foxo1 KO Sf1 mice ( Figure 5J ). In contrast, R g in white adipose tissue (WAT) was similar between genotypes ( Figure 5J ). Taken together, these results demonstrate that insulin-stimulated glucose disposal is enhanced in cardiac and skeletal muscle of Foxo1 KO Sf1 mice, and these differences likely contribute to lowered blood glucose.
FOXO1 directly regulates SF-1 expression in the VMH. Since SF-1 neurons of the VMH are critical targets of leptin and insulin action and the Foxo1 KO Sf1 mice displayed a marked increase in energy expenditure, we expected that several genes regulating diet-induced thermogenesis might be changed in neurons lacking FOXO1 in the VMH (12, 15, 20, 36, 37) . Gene expression profiling revealed changes in a number of metabolic regulatory pathways ( Figure 6A ). Interestingly, nuclear receptor signaling pathways were broadly modulated, including the expression of SF-1 ( Figure  6 , A and B). SF-1 is a nuclear receptor expressed only in the VMH and is known to play a role in regulation of diet-induced thermogenesis (23) . SF-1 levels were significantly elevated in the VMH of 24-hour-fasted Foxo1 KO Sf1 mice compared with those in WT littermates ( Figure 6B ). Sequence analyses revealed 3 putative FOXO1 binding sites in the SF-1 proximal promoter region, which are located tandemly, and the putative binding sequences were highly conserved between mammals ( Figure 6C ).
We next assessed whether the FOXO1 could directly bind to the promoter region of SF-1 and regulate its activity in the VMH. We used a ChIP assay using 2 different antibodies specific for FOXO1 (2, 7) and found that FOXO1 binds to the SF-1 promoter region ( Figure 6D ). In addition, we used a luciferase reporter assay and found that the WT FOXO1 and constitutively nuclear FOXO1 suppressed the SF-1 expression dose-dependently. This effect was observed in a -240 mSF-1-luc construct, but this effect was absent in a -80 mSF-1-luc construct ( Figure 6 , C, E, and F). Notably, a DNA binding-deficient FOXO1 could not repress SF-1 promoter activity ( Figure 6F ). Finally, Foxo1 KO Sf1 mice fasted for 24 hours exhibited increased SF-1 protein in the VMH ( Figure 6, G and H) . Taken together, these results lead to the prediction that FOXO1 acts as a transcriptional suppressor of SF-1 expression and, absence of this regulation by deletion of FOXO1, may increase SF-1 activity in the VMH, leading to increased energy expenditure (23) .
Deletion of SF-1 in the VMH impairs glucose homeostasis. Ablation of FOXO1 in SF-1 neurons produces a lean phenotype and improved whole-body glucose homeostasis. We previously found that SF-1 deletion results in an opposite phenotype that includes obesity that is due to decreased energy expenditure following exposure to HFD. Consistent with these in vivo observations, our in vitro data suggest that FOXO1 exerts a negative effect on SF-1 expression in the VMH. We hypothesized that transcriptional networks regulated by SF-1 in VMH neurons are necessary for normal glucose homeostasis. To test this hypothesis, we used mice with postnatal VMH-specific deletion of SF-1 (Sf1 KO ckIICre;F/F mice) (23) . We first measured fed and fasted glucose levels in chow-fed, body weightmatched Sf1 KO ckIICre;F/F mice and WT littermates. Sf1 KO ckIICre;F/F mice showed higher fed blood glucose levels, suggesting impaired glucoregulation ( Figure 7A ). To further investigate the effect of SF-1 deletion in the VMH on glucose homeostasis and insulin action, we performed GTTs and ITTs. Sf1 KO ckIICre;F/F mice exhibited reduced glucose tolerance and insulin action compared with that of littermate controls ( Figure 7 , B and C). These results indicate that SF-1 signaling in the VMH is required for appropriate wholebody insulin action and glucose homeostasis.
To delineate underlying mechanisms on altered glucose/insulin homeostasis, hyperinsulinemic-euglycemic clamp studies were performed. As in the previous experiments, we used age-and body weight-matched littermates to avoid complications interpreting these data. Basal plasma insulin levels were similar and comparably elevated during the clamp ( Figure 7D) . Basal blood glucose, as expected, was higher in Sf1 KO ckIICre;F/F mice, but this difference was normalized during the clamp ( Figure 7E ). The GIR in Sf1 KO ckIICre;F/F mice was decreased compared with that in WT controls, indicating lower whole-body insulin action ( Figure 7F ). Basal endoR a and R d were similar between groups ( Figure 7 , G and H). Insulin-mediated suppression of endoR a was also similar between groups during the clamp ( Figure 7G ). In contrast, insulinstimulated glucose disposal was lower in Sf1 KO ckIICre;F/F mice com- pared with that in WT controls, demonstrating impaired insulin sensitivity in peripheral (extrahepatic) tissues ( Figure 7H ). This conclusion is reinforced by lowered R g in BATs and soleus muscles of Sf1 KO ckIICre;F/F mice ( Figure 7I ). R g in the heart, WAT, vastus lateralis, and gastrocnemius muscle was comparable between genotypes ( Figure 7I ). Collectively, these results further support the model that FOXO1-and SF-1-dependent networks in the VMH play important roles in regulating whole-body insulin action and glucose homeostasis.
Discussion
Obesity is associated with many metabolic disorders, including type 2 diabetes, dyslipidemia, and cardiovascular disease. The hypothalamus is a critical brain site regulating body weight, energy balance, and modulating glucose homeostasis. Therefore, understanding molecular mechanisms responsible for body weight regulation and glucose homeostasis in the hypothalamus will provide strategies to develop pharmacological intervention to combat metabolic disorders. Collectively, our results provide additional evidence demonstrating a role for SF-1 neurons and related transcriptional programs to regulate energy expenditure. Our results also add FOXO1 (and gene programs regulated by FOXO1 in SF-1 neurons) to the growing list of factors regulating energy balance. We have found that FOXO1 in neurons in the VMH also regulates glucose homeostasis. FOXO1 ablation in VMH SF-1 neurons increases energy expenditure without changing food intake, resulting in a lean phenotype. Moreover, ablation of FOXO1 in SF-1 neurons results in mice that are resistant to HFD-induced obesity, which is due to increased energy expenditure. Mice lacking FOXO1 in SF-1 neurons lose more weight following leptin administration due to increased energy expenditure. At the other end of the energy balance spectrum, we have found that VMH-specific FOXO1 KO mice lose more weight during a fast, a response that is due to a failure to appropriately suppress energy expenditure.
We also identified the Sf1 gene itself as a putative target of FOXO1 in the VMH. Our results predict that suppression of SF-1 during a fast is due in part to direct binding of FOXO1 to the SF-1 promoter. Further, these data are consistent with a model in which falling levels of leptin and insulin during a fast result in less activation of PI3K activity and more nuclear accumulation of FOXO1 and lower levels of SF-1. This regulation of SF-1 is required for appropriate modulation of energy expenditure in the face of changing levels of energy availability. Thus, identification of key downstream transcriptional programs of SF-1 and FOXO1 in SF-1 neurons may provide insights into potential targets that affect energy expenditure without changing food intake.
This study proposes the involvement of the transcription factor FOXO1 in regulation of energy expenditure in the VMH. Upon activation by metabolic stimuli such as leptin and insulin in the VMH of the WT animals, FOXO1 will be phosphorylated by the activated PKB (pAkt) and excluded from the nucleus, ultimately leading actions of leptin and insulin. Since FOXO1 has been known as a negative regulator of the leptin/PI3K/pAkt signaling pathway, FOXO1 removal from the VMH may confer permanently increased sensitivity to leptin in the nucleus and may preferentially induce alternations in neuronal activity and regulation of downstream target genes. In addition, increased levels of plasma norepinephrine and elevated UCP1 levels in iBAT of Foxo1 KO Sf1 animals suggest that inhibition of FOXO1 in the SF-1 neurons of the VMH leads to activation of the SNS. This is consistent with several previous studies that have shown that leptin activates the SNS in mammals through increased catecholamine output (25, 38) . Moreover, leptin injections into the VMH induced Ucp1 mRNA levels through activation of the SNS (25) (26) (27) . These results support the notion that leptin action on the regulation of the SNS in the VMH may preferentially be mediated by PI3K/AKT/ FOXO1 pathways rather than Jak/Stat3 pathways (24, 26, 34, 39, 40) . We attributed the increased energy expenditure to elevated UCP1 expression in iBAT of Foxo1 KO Sf1 animals. However, we do expect that other organs or tissues, such as muscle and heart, will play critical roles in regulating energy metabolism in the Foxo1 KO Sf1 mice, as they showed increased leptin sensitivity and glucose uptake. In this regard, more detailed approaches, including direct measurement of metabolic rates in individual organs, will be informative in future experiments.
Our current data are consistent with several additional lines of previously described evidence. First, mice lacking leptin receptors in VMH neurons display increases in body adiposity together with decreases in energy expenditure (12, 15) . Second, removal of the catalytic PI3K subunit Pik3ca (p110α), an upstream molecule of FOXO1, from VMH SF-1 neurons results in increased sensitivity to HFD, due mainly to impaired energy expenditure (20) . Third, VMH-specific SF-1 KO animals showed blunted energy expenditure in part due to impaired leptin action in the VMH (23) . Finally, diet-induced increases in activation of PI3K lead to resistance to HFD-induced obesity in the SF-1 ΔIR animals, without changing energy expenditure, suggesting that deletion of IR in the SF-1 neurons is primarily related to PIP 3 -mediated K ATP channel modulation rather than the PI3K/pAkt/FOXO1 pathway (16) .
The hyperinsulinemic-euglycemic clamp studies demonstrated that Foxo1 KO Sf1 animals have increased glucose uptake in heart and skeletal muscle, with comparable hepatic glucose production between genotypes. This is consistent with previous reports, in which the VMH is a critical site for the regulation of glucose uptake in peripheral tissues, including heart and skeletal muscle, primarily through the SNS (26, 34, 35, 41) . Furthermore, several previous reports support our hypotheses that the deletion of FOXO1 in the VMH may lead to improved glucose homeostasis via changes in SNS signaling. For example, leptin injections into the VMH preferentially increased glucose uptake in skeletal muscle, heart, and brown adipose tissue (BAT), and this increased glucose uptake was impaired when the SNS was denervated (26, 34, 42, 43) . In addition, leptin receptor mutant mice that cannot activate STAT3 pathway exhibited only a modest defect in glucose homeostasis, despite the fact that the mutant animal showed the severe hyperphagia and obesity, suggesting that the leptin effect on glucose/insulin sensitivity may be differentiated from STAT3 pathways (40) . Conversely, restoration of leptin receptors in the ARH and VMH of Kolesky rats (an animal model of mutated leptin receptors) using viral-mediated gene delivery improved glucose/ insulin homeostasis. This effect was attenuated by applying PI3K inhibitors (24, 39, 44) . Finally, leptin administration activates the SNS, and PI3K signaling is required for this effect (45) . Collectively, these results indicate that leptin-mediated PI3K/pAkt/ FOXO1 signaling in the VMH may play an important role, not only in mediation of sympathetic tone, but also in regulation of peripheral insulin action.
An intriguing finding of this study is that, whereas FOXO1 is involved in modulation of food intake through transcriptional regulation of NPY, AGRP, and POMC in the ARH, no clear difference in food intake was detected in Foxo1 KO Sf1 mice (2, 8) . In addition, specific deletion of FOXO1 in ARH using POMC-Cre did not show any alternation in energy expenditure and peripheral glucose/insulin sensitivity (8) . In contrast, deletion of FOXO1 in the VMH altered energy expenditure and whole-body glucose metabolism, without significant changes in food intake. Elucidation of a potential direct regulatory loop between FOXO1 and SF-1 provides evidence that FOXO1 and SF-1 direct a broad spectrum of transcriptional targets in VMH neurons. In this regard, we clearly do not expect that the SF-1 is the only target of FOXO1 in the VMH, and elucidation of additional transcriptional targets of FOXO1 is of great interest. In summary, our data suggest that FOXO1 signaling in the VMH plays key roles in regulation of leptin sensitivity, energy expenditure, peripheral insulin action, and glucose homeostasis. These results support the idea that the VMH is a crucial hypothalamic site of whole-body metabolism and suggest that transcriptional programs regulated by FOXO1 are key in regulating energy balance and glucose homeostasis.
Methods
Animal care and generation of KO mice. Mice were kept at room temperature (22°C-24°C) with a 12-hour-light/dark cycle (lights on at 06:00), with normal mouse chow (NC; Teklad mouse/rat diet, no. 7001; 4.25% kcal from fat, 3.82 kcal/g) or HFD (Research Diet, no. D12331; 58% kcal from fat, 26% from sucrose, 5.56 kcal/g) and water provided ad libitum. To generate Foxo1 KO Sf1 mice, male mice homozygous for the floxed (F) Foxo1 allele (21) and heterozygous for the SF-1 cre transgene (12, 20) were crossed with female mice homozygous for the floxed Foxo1 allele. The littermate mice homozygous for the floxed Foxo1 allele (Foxo1 F/F ) served as controls (WT). All mice that performed experiments were on a mixed C57BL/6;129S6/ SvEv background. To generate the Sf1 KO ckIICre;F/F animals, we used same strategy described previously (23) .
Immunohistochemistry. FOXO1 immunohistochemistry was performed on brain sections as previously described (23) using FOXO1-specific monoclonal antibody (Cell Signalling Technology, no. 2880). Briefly, mice were perfused with 10% neutral buffered formalin, and brains were postfixed with 10% formalin for 2 hours, cryoprotected in 20% sucrose overnight, and sectioned at 20 μm on a microtome. Sections were washed in PBS (pH 7.4) 3 times for 10 minutes each. Sections were preincubated with 0.3% H2O2 for 15 minutes and then permeabilized with 0.5% Triton X-100 in PBS for 20 minutes. To reduce nonspecific reactions, sections were treated with 1.5% normal serum from the species used to generate the secondary antibody. Sections were then incubated overnight at 4°C into 1:1,000 rabbit anti-FOXO1 primary antisera in PBT-azide containing 3% (w/v) normal donkey serum. Sections were then rinsed with PBS 6 times for 10 minutes each, incubated for 1 hour in 1:200 Alexa Fluor 488 goat anti-rabbit antibody (Invitrogen; A21206), rinsed 3 times in PBS, and mounted on gelatincoated glass slides for visualization.
Metabolic cage studies. A combined indirect calorimetry system (CaloSys Calorimetry System, TSE Systems Inc.) was used for all metabolic studies. Experimental animals were acclimated for 6 days in a metabolic chamber with food and water. Room temperature for all metabolic studies was maintained at 22°C with a 12-hour-light/dark cycle. Airflow into the chamber was maintained at 0.6 l/min, and exhaust air from each chamber was measured for 3 minutes every 39 minutes. Heat generation, O2 consumption, and CO2 production were measured after acclimation, and the relationship between metabolic rate and body mass was normalized by using metabolic body size (body weight 0.75 ) if not specifically notified. During this time, ambulatory and rearing activities were also monitored with infrared beams.
Acute leptin administration. To assess the acute leptin effect, 6-to 7-week-old, body weight-matched male mice were acclimated in the metabolic chambers for 6 days with NC and water. Mice were given saline at 17:00 of experimental day 2, then leptin (5 mg/kg) was administered at 17:00 of experimental day 3 via i.p. injection. All the metabolic parameters, including body weight, meal size, meal frequency, and energy expenditure, were monitored during the experimental period using a combined indirect calorimetry system.
Twenty-four-hour fasting response. To measure acute (24-hour) fasting response in WT and Foxo1 KO Sf1 mice, body weight-matched (19.9 ± 0.4 g for WT and 19.4 ± 0.42 g for Foxo1 KO Sf1 ), 4-to 5-week-old male mice were acclimated in the metabolic chambers for 6 days with NC and water. All food was removed between 16:30 and 17:00 at experimental day 3 and then refed after 24 hours. Metabolic parameters, including body weight, energy expenditure, and movement, were monitored during whole experimental procedures using a combined indirect calorimetry.
Body weight and composition. Body weight of WT and Foxo1 KO Sf1 (male and female) mice fed NC was monitored weekly from weaning (4 weeks old) to 12 to 13 weeks. In the HFD study, male WT and Foxo1 KO Sf1 mice were maintained on regular chow for 5 weeks and switched to HFD for an additional 6 weeks. The body fat composition of WT and Foxo1 KO Sf1 mice was determined using the Bruker Minispec mq10 NMR analyzer.
Hormone measurement. For corticosterone levels, we followed the protocol described elsewhere (20) . Briefly, psychosocial stress was given to male mice by housing for 30 minutes in groups of 4 animals after 3-day isolation in individual cages. All blood samples for corticosterone measurement were taken by decapitation at indicated time frames (Supplemental Table 1 ), and the trunk blood was obtained. For FSH, LH, testosterone, T3, T4, epinephrine, and norepinephrine measurements, serum and/or plasma were obtained between 14:00 and 15:30. The blood samples for corticosterone, FSH, LH, and testosterone levels were sent to the Ligand Assay and Analysis Core at University of Virginia for measurement. For T3, T4, epinephrine, and norepinephrine, the plasma samples were sent to Hormone Assay and Analytical Services Core, Vanderbilt Diabetes Research and Training Center.
Protein and mRNA analyses. BAT samples were obtained for Q-PCR analysis. All BAT samples were collected between 13:00 and 15:00. Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed with the SuperScript First-Strand Synthesis System (Invitrogen) for RT-PCR. Q-PCR was performed using an ABI 7900 HT Sequence Detection System (Applied Biosystems). Q-PCR primers used for the TaqMan method (Applied Biosystems) are as follows: 18S (ABI, Hs99999901) and UCP1 (ABI, Mm01244861).
For protein analysis, BAT from WT and Foxo1 KO Sf1 mice was homogenized in lysis buffer (Tris 20 mM, EDTA 5 mM, NP40 1% [v/v]) containing protease inhibitors (P2714-1BTL, Sigma-Aldrich), then resolved by SDS-PAGE, and finally transferred to a nitrocellulose membrane. After blocking the membrane with 5% nonfat milk, proteins (UCP1 and GAPDH) were detected using commercially available antisera (UCP1, Abcam; GAPDH, Santa Cruz Biotechnology Inc.).
VMH dissection and SF-1 levels. To measure mRNA and protein levels in the VMH of Foxo1 F/F and Foxo1 KO Sf1 male mice, mice were decapitated after deep anesthesia with i.p. injection of chloral hydrate (500 mg/kg). A coronal slice between bregma -1.22 mm and -2.06 mm was made, and then the VMH was microdissected with a scalpel under a microscope. All samples were immediately frozen to the dry ice. Total mRNAs were extracted from the sample of the VMH and used for Q-PCR analyses as described above. Q-PCR primers used for the TaqMan method are as follows: 18S (ABI, Hs99999901) and SF-1 (ABI, Mm03053390_s1). For SF-1 protein levels in the VMH, mice were fasted 24 hours, and the whole VMH tissue was dissected as indicated above and frozen immediately to the dry ice. Obtained brain tissues were ground and lysed in protein lysis buffer. After ultracentrifugation, samples were resolved by gradient (4%-12%) SDS-PAGE gel and transferred to a nitrocellulose membrane. Immunoblotting was performed with antiserum specific for SF-1 (46) and then visualized and analyzed using Li-COR Odyssey (Li-COR Inc.).
Gene profiling study. Total RNA was obtained from the VMH of WT and Foxo1 KO Sf1 mice using the RNeasy Lipid Tissue Mini Kit (Qiagen Sciences) and Phase Lock Gel (5 Prime Inc.). To make sure of reproducibility and biological significance, triple hybridizations were performed for each genotype with the RNA from 3 independent VMH samples, and each sample contained RNA from 3 animals (biological replicates). Genomics and Microarray Core Facility at UT Southwestern (http://microarray.swmed.edu/) checked RNA quality with a Bioanalyzer Chip (Agilent Technologies Inc.) and pro-cessed the samples for hybridization with a Mouse-6 V2 BeadChip (Illumina Inc.). We used Partek Genomics Suite 6.5 (Partek Inc.) and Ingenuity Pathway Analysis (Ingenuity Systems Inc.) for data analysis and heat map generation. Expression results were deposited to the Gene Expression Omnibus (accession no. GSE36948; National Center for Biotechnology Information).
GTT, ITT, and hyperinsulinemic-euglycemic clamp study. GTTs were performed as described previously (15) . For the FOXO1 KO model, male Foxo1 KO Sf1 mice and WT littermates aged 6-8 weeks (body weight, 24.94 ± 0.85 g for WT and 23.72 ± 0.81 g for Foxo1 KO Sf1 ; P > 0.1) were fasted for 18 hours and provided water ad libitum. For the postnatal VMH-specific SF-1 KO model, 25-to 26-week-old male Sf1 KO ckIICre;F/F mice and WT controls were used (body weight, 32.9 ± 1.7 g for WT and 32.26 ± 1.58 g for Sf1 KO ckIICre;F/F ; P > 0.5). After measurement of fasted glucose levels, the mice were administered glucose (1.5 g/kg body weight) i.p. Then, blood glucose levels were measured from bloods sampled from the tail nick at 20, 40, 60, and 90 minutes after injection. Blood glucose levels were determined by the glucose oxidase method using a commercial glucometer (Ascensia Contour, Bayer HealthCare).
For ITTs, 6-to 8-week-old male mice (body weight, 26.85 ± 0.52 g for WT and 26.32 ± 0.48 g for Foxo1 KO Sf1 ; P > 0.1) or 26-to 27-week-old male mice (body weight, 34.9 ± 1.76 g for WT and 33.9 ± 0.62 g for Sf1 KO ckIICre;F/F ; P > 0.5) were fasted for 2 to 3 hours with water ad libitum. After measurement of basal levels of glucose, insulin (0.5 U/kg for FOXO1 model, 1 U/kg for SF-1 KO model; Eli Lilly and Company, HI-210) was administrated i.p. Blood glucose levels were monitored at given time points after insulin injection.
Hyperinsulinemic-euglycemic clamp study was performed as described elsewhere (22) . Briefly, body weight-and body composition-matched WT and KO animals were anesthetized and surgically implanted with infusion catheters in the right jugular vein, tunneled subcutaneously, and exteriorized above the neck. After a 5-day recover period, mice were placed in a sterile shoe-box-sized mouse cage lined with bedding to begin a 4-hour fast. At t = -120 minutes, a primed, continuous infusion of [3-3H] glucose (2.5 μCi bolus plus 0.05 μCi/min) was initiated. At t = -15 and -5 minutes, blood samples were collected from the cut tail to measure basal glucose and insulin levels as well as to calculate the endogenous rate of glucose appearance (endoRa) and disappearance (Rd). At t = 0 minutes, an insulin infusion (4 mU/kg/min) was used to induce hyperinsulinemia, and the infusion of [3-3H] glucose was increased to 0.1 μCi/min to account for changes in specific activity (SA). Blood samples were then taken every 10 minutes to assess blood glucose, and a variable GIR was adjusted to maintain target glycemic levels (150 mg/dl). Additional blood samples were taken every 10 minutes from t = 80-120 minutes to determine steady-state glucose turnover. At t = 120 minutes, a blood sample was taken to measure clamp insulin levels, and a 13 μCi bolus injection of 2-DG was administered to assess tissue-specific glucose uptake. Blood samples were taken at t = 122, 130, 137, and 145 minutes to measure plasma 2-DG specific activity. Glucose fluxes were calculated as previously described (22) .
ChIP assay. The VMH were dissected as described above. A combined VMH sample from 5 different WT (Foxo1 F/F ) mice was cross-linked by adding 1% formaldehyde to the sample after mincing the VMH tissue roughly into 1-mm pieces with a scalpel. The cross-linking was quenched after 10 minutes by adding 125 mM glycine. The tissue extracts were resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.1], 1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml pepstatin A), sonicated 10 times for 30 seconds with 2-minute interval time using BioruptorXL (Diagenode), and then the lysates were cleared by centrifugation. The sonicated cell supernatant was diluted 10 fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 167 mM NaCl). After preclearance with protein A agarose/salmon sperm DNA (50% slurry) for 30 minutes at 4°C, 10% of precleared chromatin solution was saved for assessment of input chromatin. The rest of the chromatin solution was incubated with 2 different FOXO1 antibodies from other companies (Ab no. 1 from Cell Signaling Technology [no. 9454]; Ab no. 2 from Santa Cruz Biotechnology Inc. [sc-11350]) overnight at 4°C. After obtaining immune complex using protein A agarose/salmon sperm DNA beads, the complexes were washed 3 times with washing buffers as described in protocol (Millipore, no. 17-295). Complexes were then washed with 1× TE (pH 8.0) buffer, and histone complexes were eluted with freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3). The histone complexes were reversed by incubating at 65°C overnight, and the samples were purified after incubation with a buffer (10 μM EDTA, 40 μM Tris-HCl [pH 6.8], 2 μg proteinase K) at 45°C for 1 hour. The PCR reaction was performed using the following primers: Sf1 forward, CCAAGGTCTCTCCAGTGCCT and, Sf1 reverse, TTTCTCCTCCTTTGTTGGTG.
Cell culture and transfection. General cell culture conditions were previously described (47) . Briefly, Neuro2A mouse neuroblastoma cells were maintained in MEM (Invitrogen) supplemented with nonessential amino acids, 10% FBS, and 100 U/ml penicillin/streptomycin (Invitrogen). Neuro2A cells were plated in 12-well plates at a density of 3 × 10 5 cells per well and cultured for additional 20-24 hours before transfection. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Approximately 24 hours after transfection, cells were lysed and luciferase activity was determined using the Dual Luciferased Reporter Assay System (Promega) with the FLUOstar OPTI-MA luminometer (BMG Labtech). All transfections were done in triplicate and repeated in 3 independent experiments. The 5′ proximal promoter region of the SF-1 mouse (-240 to +2) was amplified by PCR and cloned upstream of a luciferase reporter gene in pGL3-basic. To examine the role of 3 potential FOXO1-responsive elements, a deletion mutant spanning -80 to +2 was used. The PCR primers were 5′-GGGTCCCTGCCTCAG-GCTCC-3′ for the -240, 5′-CACCAACAAAGGAGGAGAAA-3′ for the -80, and 5′-TCGTGGGTGGGGGGGCCACC-3′ for the +2.
Statistics. The data are represented as mean ± SEM as indicated in each figure legend. Statistical significance was determined by 2-tailed Student's t test, 1-way ANOVA, and 2-way ANOVA. GraphPad PRISM version 5.0a was used for the statistical analyses, and P < 0.05 was considered as a statistically significant difference.
Study approval. All experimental procedures were approved by the Institutional Animal Care and Use Committee at UT Southwestern.
